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We employed robotic methods and the whole-genome sequence of Drosophila melanogaster to facilitate a large-scale expression screen for
spatially restricted transcripts in Drosophila embryos. In this screen, we identified a pair of genes, scylla (scyl) and charybde (chrb), that code for
dorsal transcripts in early Drosophila embryos and are homologous to the human apoptotic gene RTP801. In Drosophila, both gene products are
transcriptionally regulated targets of Dpp/Zen-mediated signal transduction and appear more generally to be downstream targets of homeobox
regulation. Gene disruption studies revealed the functional redundancy of scyl and chrb, as well as their requirement for embryonic head
involution. From the perspective of functional genomics, our studies demonstrate that global surveys of gene expression can complement
traditional genetic screening methods for the identification of genes essential for development: beginning from their spatio-temporal expression
profiles and extending to their downstream placement relative to dpp and zen, our studies reveal roles for the scyl and chrb gene products as links
between patterning and cell death.
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InDrosophila, embryos undergo head involution between 10
and 16 h after egg lay (AEL), corresponding to embryonic stages
14–17 (Campos-Ortega and Hartenstein, 1997). During involu-
tion, the six segments of the developing head are internalized.
Head tissues remain internalized until metamorphosis when they
come together to form the adult head, and this structure is
extruded from the body cavity to assume its position as the most
anterior part of the animal. Genes functioning in embryonic head
involution fall chiefly into two categories. In the first class are
the cell death genes; in the second are the patterning genes.
Our understanding of head involution at the organismal level
has its foundation in phenotypic studies; however, it is only in
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detail. Indeed, it was the hid amorphic phenotype that first
exposed the role for naturally occurring cell death during head
development in Drosophila (Grether et al., 1995). More
generally, it is clear from these studies that apoptosis is required
to sculpt the developing embryonic head (Abbott and Lengyel,
1991; Lohmann et al., 2002; Nassif et al., 1998).
The patterning genes encoding Dpp (Decapentaplegic) and
its associated transcription factor Zen (Zerknult) are also
required for head involution. The Dpp signaling cascade
functions to effect proper specification of dorsal fates in early
Drosophila embryos (Rusch and Levine, 1996). In the dorsal-
most region of blastoderm stage embryos, a gradient of Dpp
directs expression of the Zen transcription factor. Dorsal fates are
partitioned along the dorsoventral axis, such that cells acquire
head epidermal fates in anterior domains (Chang et al., 2001)
and amnioserosal fates more posteriorly (Ferguson and Ander-
son, 1992). Whereas animals homozygous for amorphic alleles
of dpp or zen are ventralized and lack all dorsal fates, including
the optic lobe in anterior domains and the amnioserosa more
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exhibit defects in a subset of dorsally fated cells. Among these
more weakly ventralized defects are cyclopia and aberrant head
involution (Chang et al., 2003; Wakimoto et al., 1984).
While the dpp and zen hypomorphic phenotypes reveal the
potential for partitioning of dorsal fates along the anterior–
posterior axis, it is not yet clear how pattern is translated into cell
death as the cell death genes themselves are not transcriptionally
regulated targets of Dpp/Zen-mediated signaling. Analyses of
the transcriptionally regulated targets of Dpp-mediated signaling
are therefore crucial to our understanding of the molecular
network that bridges patterning and cell death. The recent
development of alternatives to traditional genetic strategies,
including high-throughput genome expression screens and
reverse genetic methodologies, provides us with the means to
identify and characterize transcriptionally regulated targets of
signaling that function at the interface of patterning and
morphogenesis. In particular, microarray screens, which largely
provide information about temporal gene expression, have been
used to isolate genes functioning downstream of Dpp and other
well-characterized signaling pathways (Furlong et al., 2001;
Stathopoulos et al., 2002). For information about spatial gene
expression, which is critical to our understanding of both
patterning and morphogenesis, in situ screens for spatially
restricted, patterned transcripts in whole-mount embryos have
also proven to be both valuable and effective (Gawantka et al.,
1998; Kudoh et al., 2001; Simin et al., 2002).
The foundation for themolecular and genetic characterization
of the scylla (scyl)/charybde (chrb) gene pair that is described in
the current report is a high-throughput screen for spatially
restricted transcripts in early Drosophila embryos (Simin et al.,
2002). For this screen, we compiled a unigene set of 778 non-
overlapping, sequenced cDNAs from a 0–4 h embryonic cDNA
library and then employed a robotics workstation to determine
the spatial expression pattern of each gene by RNA hybridiza-
tion to whole-mount embryos in situ. A significant fraction
(15%) of the randomly selected genes in our collection exhibited
spatially restricted patterns of expression in early embryos.
In this screen, we discovered scyl as a dorsally restricted
transcript in blastoderm stage Drosophila embryos (Simin et al.,
2002). Here, we show that both scyl and its Drosophila
homologue chrb are transcriptionally regulated targets of Dpp/
Zen-mediated signaling in the dorsal domain of blastoderm stage
embryos. It is notable, moreover, that both Scylla and Charybde
exhibit extensive sequence similarities with RTP801, a mam-
malian regulator of apoptosis (Shoshani et al., 2002). Consistent
with predictions based upon transcription profiles and sequence
comparisons, our functional studies reveal that the scyl and chrb
gene products are required for head involution, a morphogenetic
process which in Drosophila is dependent upon cell death. As
expected for downstream effectors of Dpp signaling, we found
that the functionally redundant scyl and chrb gene products are:
(1) expressed in a subset of Dpp-positive cells and (2) required
for a morphogenetic event dependent upon Dpp-mediated
signaling. With our finding that scyl and chrb function
downstream of the Dpp/Zen signaling pathway that is required
to pattern the dorsal head in blastoderm stage embryos, we haveestablished a link between the mechanism of patterning and that
which controls cell death during Drosophila embryonic
development.
Materials and methods
Fly stocks
Balancer lines, the d1l, cact011, dpphr92, hid05014, zen7 and w1118 mutant lines
and the Df(3L)lxd6; Df(3L)vin2 and Df(3L)vin4 deficiency lines have been
described (FlyBase, 2003). We obtained UbxMX12abd-AM1Abd-BM8 mutants
from Shige Sakonju (University of Utah) and EY03729 flies from Hugo Bellen
(Baylor College of Medicine).
Phenotypic analyses
Embryonic lethal cuticular phenotypes were viewed after mounting
devitellinized samples in One-StepMountingMedium [30%CMCP-10 (Masters
Chemical Company), 13% lactic acid, 57% glacial acetic acid]. Hybridizations in
situ were performed as described (Tautz and Pfeifle, 1989), with the exception
that Proteinase K steps were omitted. Anti-cleaved Caspase-3 antibody stainings
were performed using the commercially available rabbit monoclonal antibody
ASP175 (Cell Signaling Technology) as described (Patel, 1994).
RNA interference
Sense and antisense RNAs were synthesized from a PCR fragment harboring
the gene of interest flanked by T7 and SP6 RNA polymerase promoter sites.
After transcription, RNAs were annealed by heating at 100°C for 5 min and then
incubating at 37°C for 30 min, according to published protocols (Fire et al.,
1998). Strand synthesis and annealing were confirmed by native gel electro-
phoresis. dsRNA yields were determined spectrophotometrically. dsRNA, at a
concentration of 0.5–5.0 μM, was injected into syncytial blastoderm stage
embryos. Following injection, embryonic phenotypes were scored by
visualization of gastrulating embryos and by cuticular analysis. As a positive
control for these studies, we assayed interference by engrailed (en) dsRNA.
When 450 nM dsRNA was injected, endogenous en function was disrupted in
85% (29/34) of injected embryos that survived to form cuticle. Injected embryos
displayed classic en pair-rule defects in cuticle morphology: adjacent ventral
denticle bands were fused to produce four broad bands, instead of the eight
segmental bands seen in wild-type embryos (data not shown).
Nucleic acid manipulations
Three cDNA libraries were screened for full-length clones of scyl and chrb:
0–4 h and 8–12 h embryonic libraries (Brown and Kafatos, 1988) and a Lambda
Zap II adult library (Stratagene). Multiple cDNA clones corresponding to the
reported transcripts of both scyl and chrbwere isolated from the 0–4 h embryonic
cDNA library. Clones LD22812 (scyl) and LD22381 and LD32080 (chrb) were
obtained from BDGP (Berkeley Drosophila Genome Project). For Northern
analyses, total RNAwas isolated from staged embryos, larvae and adults. Eight
micrograms of RNAwas loaded per lane and separated on a 1% formaldehyde-
agarose gel. Fractionated RNA species were transferred by blotting to a nylon
membrane and bound to the membrane by UV crosslinking. Hybridizations with
32P-labeled probes were carried out using standard conditions. For this study,
probe templates were generated by restriction enzyme digestion of cDNA clones
LD22812 (scyl) and LD32080 (chrb).
Genotyping
Deficiency lines were genotyped with respect to scyl and chrb by PCR
amplification of genomic DNA isolated from single embryos. Amplification of
G3PDH was used as a positive control (5′ GTGCCGAATACATCGTGGAG 3′
and 5′ AACGACCTCCTCATCGGTGT 3′). Primers specific to GFP (5′
ACTTTTCACTGGAGTTGTCCCA 3′ and 5′ ATGTGGTCTCTCTTTTCGTT-
GG 3′) were employed to distinguish homozygous deficiency embryos from
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AACAG 3′ and 5′ TTGGAAAGTCGAATCGAATCG 3′; 5′ TTATTGGACT-
GACTTTTTGGC 3′ and 5′ CCTCTTCACAATAGTTACCC 3′, respectively)
were used to genotype deficiencies with respect to these loci.
Identifying putative transcriptional control elements
Conserved sequence patterns were identified based on both Gibbs
sampling and Artificial Neural Network (ANN-Spec; Workman and Stormo,
2000) algorithms using TFBS PERL modules (Lenhard et al., 2003) run
locally on an Intel-based desktop PC running LINUX. Sequence patterns were
only considered relevant if they were found in the 5′ non-coding regions of
both scyl and chrb in both Drosophila melanogaster and Drosophila
pseudoobscura. The identified motifs were then used to scan the entire
genome of D. melanogaster and D. pseudoobscura using PERL modules that
we developed for this application. The sites for perfect matches to identified
degenerate motifs were recorded into a relational database (Microsoft SQL
Server) as were current versions of the genomic sequences and their
annotations. The database was then queried to determine the observed number
of sites, the expected number of sites, the location of the sites relative to
annotated transcription initiation start sites and the probability of these
locations occurring randomly. The expected numbers of sites, and the
probability of sites occurring within promoters, were calculated using
conditional probabilities based on a random genome sequence and genome-
wide nucleotide frequencies. To identify conserved transcription factor-binding
sites, motifs were compared (using TESS—Transcription Element Search
Software on the WWW; http://www.cbil.upenn.edu/tess) to elements listed in
the TRANSFAC database (http://www.gene-regulation.com/pub/databases.
html#transfac).Results
scyl is a transcriptionally regulated target of Dpp signaling
The foundation for the current study was a survey of
RNA expression patterns by automated whole-mount RNAFig. 1. Markers of dorsal cell fate are altered in signaling defective embryos. Blastode
for scyl (A, C, E) or zen (B, D, F). Both transcripts are expressed dorsally in wild-type
mutant mothers (C and D). Expression is lost in central regions, but remains at the term
otherwise indicated, in this and all subsequent figures, embryos are shown laterally,hybridization in situ (Simin et al., 2002). This screening
protocol led to our identification of scyl as a dorsally
restricted transcript in blastoderm stage embryos (Fig. 1A).
Based on its spatial and temporal expression properties,
which represent a subset of the dpp expression pattern, we
postulated that scyl is a transcriptionally regulated target of
the Dpp signaling cascade that specifies early embryonic
dorsal fates. To test this hypothesis, we compared scyl
transcript distributions in wild-type and dorsoventral
patterning mutant embryos. Fate determining genes func-
tioning downstream of the ventral morphogen Dorsal (Dl)
and/or the dorsal morphogen Dpp are expected to exhibit
altered expression patterns in Dl-deficient/Dpp-constitutive
and Dl-constitutive/Dpp-deficient mutant embryos. Indeed,
we found this to be the case for the scyl transcript.
Transcription of scyl in wild-type and mutant embryos was
similar to that of zen, the best characterized target of Dpp,
indicating that Dpp is both necessary and sufficient for
scyl transcription. In blastoderm stage embryos, zen is
expressed at the posterior pole and in the dorsal-most 40%
of the developing embryo. In like fashion, scyl is
expressed at the posterior pole and is dorsally restricted.
scyl transcripts, however, are confined to the subset of
zen-expressing cells that correspond to the dorsal-most
10% of the developing embryo (Figs. 1A, B). Both scyl
and zen are ubiquitously expressed in dorsalized embryos
derived from dl mutant females and in which the dorsal
morphogen Dpp is ubiquitously expressed (Figs. 1C, D).
Neither scyl nor zen is expressed in the abdominal regions
of ventralized embryos, which are derived from cactus
(cact) mutant females and which lack zygotic Dpp (Figs.
1E, F).rm stage embryos were fixed and hybridized with antisense RNA probes specific
embryos (A and B). Expression expands in dorsalized embryos derived from dl
ini, in ventralized embryos obtained from cactmutant mothers (E and F). Unless
with dorsal up and anterior to the left.
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of apoptosis in humans
The scyl gene codes for a 630 amino acid protein; its
sequence is most closely related to the Drosophila gene chrb.
The predicted scyl and chrb gene products share 64% identity
and 76% similarity over 125 amino acids at their C-termini,
with limited homology at their amino-termini (Fig. 2A). The
finding that the two genes are in close proximity, with chrb
mapping ∼200 kb from scylla, leads us to suggest that scyl and
chrb are sister genes that arose via duplication.
In addition to the homology between scyl and chrb, the
Drosophila scyl and chrb genes are homologous to human
RTP801, the mammalian HIF-1 (hypoxia-inducible factor-1),
which has been shown in cell culture assays to possess both pro-
and anti-apoptotic activities that are dependent upon cell context
(Shoshani et al., 2002). The RTP801, scyl and chrb geneFig. 2. Sequence similarity of Scylla and Charybde. (A) Alignment of predicted pro
shares 60% identity (black shading) and 74% similarity (gray shading) with the 280 a
amino acids not present in the protein sequence. (B) Both genes also share homology
between insect and vertebrate proteins is 31% identity and 45% similarity between
RTP801 also shares significant homology with predicted proteins from vertebrate spproducts represent the prototypes for a new family of proteins.
These related genes code for pioneer proteins, and their deduced
polypeptide sequences are most notable for excluding, rather
than suggesting, protein function. Although the biochemical
mechanism of the RTP801, Scylla and Charybde protein
functions has not been defined, results from cell culture
(Shoshani et al., 2002) and molecular genetic studies described
here and elsewhere (Reiling and Hafen, 2004) have exposed
roles for the RTP801 family members in controlling cell growth
and proliferation.
We additionally found evidence for conservation of the
putative scyl/chrb gene duplication in genomes for which there
is extensive sequence data, including both the human and mouse
genomes (Fig. 2B). Alignment of the human and mouse genes
revealed the inter-genus similarity of each partner to be greater
than the intra-genus similarity of the duplicated pair, suggestive
of an early evolutionary duplication event. In addition, chrb istein sequences of Scylla and Charybde. The 299 amino acid Charybde protein
mino acid Scylla protein over the C-terminal 143 amino acids. Dashes represent
with conceptual translations of several vertebrate ESTs. The highest homology
Charybde and the human protein RTP801. (C) The C-terminus of the human
ecies.
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members of the vertebrate gene pairs, with Charybde and the
human protein RTP801 exhibiting the highest similarity score
overall (36% identical and 52% similar over the C-terminal 125
amino acids). Finally, searches of the EST databases revealed
homology between the Drosophila genes and translated ESTs
from B. taurus (AV614340), G. gallus (AJ394553), X. laevis
(AI031458) and R. norvegicus (AI716417; Fig. 2C). The
sequence similarity among these predicted vertebrate proteins
is strong, whereas scyl and chrb appear to be more distantly
related to one another.
scyl and chrb are coexpressed
Given the close relationship between scyl and chrb at the
level of sequence, we sought to determine whether the sister
genes exhibit shared expression profiles temporally and/or
spatially. In Northern blot analyses, we detected a single scylFig. 3. scyl and chrb share overlapping expression profiles. (A) Developmental
Northern blot shows expression of scyl and chrb transcripts during
development. A blot of total RNA from staged animals was hybridized to
radiolabeled probes specific for scyl, chrb or the loading control rp49. (B–G)
Spatial distribution of scyl and chrb transcripts. Hybridization to whole-mount
embryos in situ with digoxigenin-labeled cDNA probes corresponding to scyl
(B, D, F) or chrb (C, E, G). Early gastrula, stage 6 (B, C); germ band-retracted,
stage 13 (D, E); post-dorsal closure, stage 17, ventral view (F, G).transcript with an estimated length of 3.5 kb, as well as four
chrb transcripts, which ranged in length from 2.8 kb to 6.8 kb
(Fig. 3A). The scyl and chrb genes exhibit related temporal
expression profiles. For both genes, the peak of expression
occurs 2–8 h AEL, coincident with the onset of zygotic
transcription and as expected for a transcriptionally regulated
target of Dpp-mediated signal transduction. Expression of both
scyl and chrb is conspicuously absent from third instar larvae.
Having found similarities in the temporal expression profiles
of the scyl and chrb genes, we next tested whether the two
related genes also exhibit comparable spatial expression
profiles. RNA hybridizations in situ revealed several parallels
in the patterns of spatial expression for both scyl and chrb
throughout embryonic development. Both transcripts are
abundantly expressed in the dorsal domain of gastrulation
stage embryos, while relatively weaker expression is evident in
ventral domains (Figs. 3B, C). During mid-embryonic devel-
opmental stages, both scyl and chrb transcripts are detected in
the central nervous system, the three thoracic segments and the
cardiac precursor cells (Figs. 3D–G).
scyl and chrb are regulated by homeobox transcription factors
Our observations that: (1) scyl, like zen, is a transcriptionally
regulated target of Dpp-mediated signaling and (2) scyl, chrb
and zen are expressed in overlapping dorsal fields led us to
further examine the regulation of scyl and chrb by downstream
components of the Dpp signaling cascade. The gene encoding
the divergent homeobox transcription factor Zen is itself
activated by Dpp-mediated signaling in dorsal domains of the
blastoderm stage embryo (see Fig. 1). In zen mutant embryos,
dorsally restricted scyl and chrb transcripts are lost, placing both
genes downstream of the Zen transcriptional effector of Dpp-
mediated signal transduction (Figs. 4A–D).
In addition to the dorsal field of scyl and chrb expression in
early embryos, segmental expression along the anteroposterior
axis suggested that scyl and chrb may also be sensitive to
regulation by homeobox genes other than zen. Both scyl and
chrb transcripts are localized in anteroposteriorly segmented
patterns in ventral regions of the blastoderm (Figs. 4A, B) and in
the three thoracic segments of stage 13 embryos (Figs. 4E, F). In
stage 13 embryos, genes of the bithorax complex (BX-C) repress
expression of target genes in abdominal segments, restricting
their expression to the thorax (Harding et al., 1985). We
examined the expression of scyl and chrb in BX-C mutant
embryos and observed expansion of thoracic expression into
abdominal segments of mutant embryos (Figs. 4G, H), thereby
placing scyl and chrb downstream of the BX-C homeobox
transcription factors, Ubx, Abd-A and/or Abd-B. Consistent
with this observation is the finding that Ubx binds to regulatory
regions of both scyl and chrb (Chauvet et al., 2000).
Finally, as an extension of our observation that scyl and chrb
are downstream targets of homeobox genes acting in distinct
signaling pathways, we used bioinformatic tools (see Materials
and methods) to identify conserved elements of the scyl and
chrb promoters in D. melanogaster and D. pseudoobscura. In a
computational cross-genome comparison utilizing algorithms
Fig. 4. scyl and chrb are transcriptionally regulated by homeobox genes. Expression of scyl and chrb was examined in wild type (A, B, E and F), zen (C, D) and Ubx
abd-A Abd-Bmutant embryos (G, H). Stage 5 (A–D) or stage 13 (E–F) embryos were hybridized with antisense riboprobes specific for scyl (A, C, E, G) or chrb (B, D,
F, H). Wild-type expression of both genes is lost in dorsal regions of zen mutant embryos. Expression in the three thoracic segments expands in Ubx abd-A Abd-B
mutant embryos. Bars delimit domains of gene expression. (I) Putative regulatory motifs are conserved in the scyl and chrb promoters of D. melanogaster and D.
pseudoobscura. Conserved motifs near the site of transcription initiation (−2500 to +1000 bp) of the scyl and chrb genes were identified using Gibb's sampling
(sequences 1–3) and Artificial Neural Network algorithms (ANN; sequence 4) as described inMaterials and methods. The related genomes were scanned for additional
copies of each sequence motif, and the observed frequency of motifs in both the D. melanogaster and D. pseudoobscura genomes was compared to the expected
number. Expected numbers were calculated based on a random sequence with the observed genome-wide nucleotide frequencies. Motif 4 is the most 5′ element in all
of the promoters. The arrangement of all the motifs is fairly well conserved, and the position (pos'n) and orientation (ori) of each are indicated relative to transcription
start sites.
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(Workman and Stormo, 2000), we identified one 24-nucleotide
motif and three 16-nucleotide motifs that are conserved in the
promoter regions of both genes in both species (Fig. 4I). Motif
1 was found much more frequently than expected for a
random sequence, suggestive of its role as a generic tran-scription factor binding site or regulatory element. Motifs 2–4
were observed much less frequently, and we interpret this
statistic to be indicative of more specific roles for motifs 2–4
in the co-regulation of scyl and chrb. With respect to the
identification of defined binding sites, neither motif 1 nor
motif 2 corresponds to any canonical transcription factor
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database (http://www.gene-regulation.com/pub/databases.
html#transfac). Motif 3, on the other hand, is GC-rich and
contains canonical binding sites for two widely used
transcriptional activators: SP1 (GCCCGCCCCCC) and AP2
(GCCCGCGGC). More notable, however, is our characteriza-
tion of motif 4, which we found only twice in each of the
Drosophila genomes (in the promoter regions of scyl and
chrb). In scans of the TRANSFAC database, we found that
motif 4 harbors a 10-bp canonical binding site for Zen
(ATTTAAATGA).
The scyl and chrb gene products function redundantly in
embryonic head development
The similarities in the expression profiles of scyl and
chrb (both spatially and temporally) led us to hypothesize
that the two closely related genes share overlapping
functions in the developing embryo. No mutant alleles of
chrb exist to test this hypothesis. With respect to scyl, the
EY03729 fly line harbors a P-element insertion 253 bp from
the scyl transcription start site; flies homozygous for the
EY03729 insertion are, however, fully viable and exhibit no
detectable phenotypes. Thus, to directly assess the functional
contributions of scyl and chrb to embryonic development,Fig. 5. RNA interference of scyl and chrb causes defects in head involution. Dark-fie
2.5 μM each scyl and chrb dsRNA (B). Coinjection of scyl and chrb results in defects
(D) mutant embryos. (E) Statistical analysis of injection data. The distribution of cu
coinjected animals, but not for single injections. Similar phenotypes are observed in
deficiency embryos. Detailed view of the head structures in the wild-type larval head
and chrb (J, K). (I, K) Close-up views of heads shown in (H, J). Head structures appea
skeleton is compressed anteriorly. (DA) dorsal arm; (DB) dorsal bridge; (eps) epistom
mouth hooks; (VA) ventral arm; (VP) vertical plate. Panel F adapted from Jürgens ewe used RNA interference (RNAi) techniques to disrupt
expression of one or both genes and monitored the effects
of interference throughout embryogenesis.
Injection of either scyl or chrb dsRNA resulted in no
observable phenotype. Injected embryos were monitored for
alterations in their developmental program throughout gastru-
lation, as well as by cuticle assay. Absence of an observable
phenotype was reproducible using up to 5 μM dsRNA, 10-fold
more than the amount required to produce a phenotype in
engrailed RNAi control experiments (see Materials and
methods). In contrast, coinjection of both scyl and chrb
dsRNAs (either dorsally or posteriorly) led to defects in head
involution that were clearly visible at the level of the larval
cuticle (Figs. 5A, B, E). The scyl chrb co-RNAi embryonic
lethal phenotype is reminiscent of that exhibited by homo-
zygotes harboring hypomorphic mutations in the Zen transcrip-
tion factor that is required to pattern the embryonic head
ectoderm (Chang et al., 2001; Wakimoto et al., 1984; Fig. 5C).
Even more notably, the scyl chrb co-RNAi embryonic lethal
phenotype is identical to that exhibited by embryos harboring
amorphic mutations in the Hid (Head involution defective)
apoptotic activator that functions morphogenetically to sculpt
the embryonic head (Abbott and Lengyel, 1991; Fig. 5D).
We next reproduced the scyl chrb co-RNAi phenotype in
genetic studies exploiting deficiencies that removed one or bothld images of cuticle preparations of embryos injected with injection buffer (A) or
in head structures analogous to those seen in cuticles derived from zen (C) or hid
ticle phenotypes is significantly different from the buffer control (P b 0.01) for
animals injected dorsally or posteriorly. RNAi phenotypes are recapitulated in
(F, G). Cuticle preparations from deficiency lines that remove scyl (H, I) or scyl
r normal in scyl cuticles. In scyl chrb cuticle preparations, the cephalopharyngeal
al sclerite; (es) ectostomal sclerite; (hys) hypostomal sclerite; (lr) labrum; (MH)
t al. (1986).
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induced phenotype. Three deficiency lines that mapped
cytologically to the region of 68B–68C were PCR-genotyped
with respect to scyl and chrb. Whereas Df(3L)lxd6 deletes scyl
only, Df(3L)vin4 and Df(3L)vin2 delete both genes (see
Materials and methods). Although these deficiencies span
multiple genes, embryonic lethal phenotypes will correspond to
the loss-of-function phenotype of the earliest acting gene(s)
uncovered by the deficiency—in this case, presumably scyl and/
or chrb.
The cuticle phenotypes observed in the deficiency lines were
entirely consistent with results from RNAi assays. Cuticles
derived from Df(3L)lxd6 homozygotes developed normally and
exhibited no visible defects (Figs. 5F–I), consistent with our
determination that scyl alone is deleted in this deficiency. In
contrast, cuticles derived from Df(3L)vin4 and Df(3L)vin2
homozygotes, in which both scyl and chrb are missing exhibited
clear defects in head involution, with the head structures
compressed anteriorly (Figs. 5J, K). Structures that comprise the
head skeleton include the mouth hooks, which are the most
anterior structures, as well as the chitinous labrum and the
episomal sclerites, which connect the mouth hooks to the
pigmented structures of the cephalopharyngeal skeleton (CPS).
In scyl chrb double mutants, mouth hooks are present, but the
labrum and epistomal sclerites are missing; errors in head
involution result in at least part of the CPS remaining at the
surface of the embryo.Fig. 6. scyl and chrb are required for cell death. Caspase-3 activity was assayed in wi
talk between the TGF-β and HIF-1 pathways in the regulation of cell death.Finally, because deficiency and RNAi analyses revealed a
requirement for both scyl and chrb in normal head development,
we assayed whether these genes, like Hox genes, compensate
for one another in a dose-dependent manner (Davis et al., 1995;
Greer et al., 2000). In this regard, we examined the effect of
removing a total of three copies of the genes. Cuticles derived
from Df(3L)lxd6/Df(3L)vin4 transheterozygotes (scyl+/scyl
chrb) revealed defects in head involution, indistinguishable
from those observed in cuticles derived from embryos lacking
all four copies of the sister genes (data not shown). Notably,
only 10 genes, none of which has a previously characterized
embryonic lethal phenotype, map to the Df(3L)lxd6/Df(3L)vin4
region of overlap (FlyBase, 2003). These data demonstrate that
quantitative changes in gene pair activity are of greater
consequence than qualitative differences between the two
gene products.
Scylla and Charybde function as death activators in
Drosophila
Based upon our observations that: (1) simultaneous loss of
scyl and chrb function leads to a hid-analogous, cell death
defective phenotype and (2) scyl and chrb are homologous to
the mammalian apoptotic gene RTP801, we postulated that the
scyl and chrb gene products have pro-apoptotic functions in the
embryonic Drosophila head. We employed two lines of
experimentation to test this hypothesis. First, we examinedld-type (A, C) and scyl chrb double mutant embryos (B, D). (E) Modeling cross-
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scyl and chrb gene products do not function as transcriptional
modulators of hid as hid transcription is unaffected in scyl chrb
double mutant embryos (data not shown). Next, we employed a
Caspase-3 activity assay to monitor apoptosis in wild-type and
scyl chrb double mutant embryos. Activated Caspase-3 has
been used previously to specifically label apoptotic cells in
Drosophila (Baker and Yu, 2001; Martin and Baehrecke, 2004;
Yin and Thummel, 2004; Yu et al., 2002). Anti-Caspase-3
staining mirrors cell death patterns previously defined by
acridine orange and TUNNEL assays in the Drosophila embryo
and pupal retina (Abrams et al., 1993; Wolff and Ready, 1991).
In our study, dying cells expressing activated Caspase-3 were
evident in the head and the nervous system of 95% of embryos
derived from matings of Df(3L)vin4/twi:GFP heterozygotes 0–
8 h AEL (n = 278). When we used GFP screening to enrich for
similarly staged mutant embryos, we noted that Caspase-3
activity was greatly diminished in mid-stage scyl chrb double
mutants. By 8 AEL, 75% of the mutant-enriched population was
caspase-negative (n = 30), in contrast to the unselected
population in which we found only 8% of the embryos to be
caspase-negative (n = 24). We detected no gross differences in
Caspase-3 activity prior to the onset of germ band retraction and
head involution (Figs. 6A–D). As cleaved Caspase-3 is a key
executioner (and hence marker) of apoptosis, these data support
our hypothesis that Scylla and Charybde have pro-apoptotic
roles in Drosophila head involution. More generally, Scylla and
Charybde likely function as essential death activators in
Drosophila since Caspase-3 activation in scyl chrb double
mutants is disrupted in the nervous system as well as in the
head. The scylla and charybde gene products are not, however,
sufficient for cell death as (1) immunostains reveal wild-type
patterns of Caspase-3 activation in embryos derived from dl
mutant mothers and in which expression of scylla and charybde
is greatly expanded and (2) neither scyl nor chrb (alone or in
combination) can mimic hid-induced apoptosis (Haining et al.,
1999) in cultured Cos or Hela cells (data not shown).
Discussion
Opposing gradients of Dorsal and Dpp establish the
dorsoventral blueprint in the Drosophila embryo, and the
integral components of these two signaling cascades have been
identified and characterized. However, how the Dorsal and Dpp
signals are translated into cell-fate specific-responses has
remained, in large part, an unanswered question. As an initial
step in moving closer to a fuller understanding of Dpp signaling
at all levels, we exploited reverse genetic methods to identify
and characterize two genes functioning downstream of Dpp—
scyl and chrb.
Our studies show that the scyl and chrb genes are
transcriptionally induced as targets of Dpp- and Zen-mediated
signaling. Moreover, our finding that scyl chrb double mutant
flies are inviable and suffer an embryonic lethality associated
with defects in head involution reveals the necessity for both
Scylla and Charybde in normal development. In particular,
cuticular and caspase activation phenotypes support a modelwherein Scylla and Charybde are required for a subset of Dpp/
Zen-mediated patterning events and function as cell death
effectors in Drosophila embryogenesis. Our positioning of scyl
and chrbwithin a genetic and molecular hierarchy of embryonic
developmental events indicates that the scyl and chrb gene
products supply a molecular connection between the embryonic
processes of patterning and morphogenesis, in this case, cell
death.
Genome and reverse genetic methods for identifying and
characterizing loci with essential developmental functions
Establishment of embryonic axes is one of the earliest
developmental events in all multicellular organisms, and the
signaling pathways that define axial patterns are conserved from
fruit flies to humans (Ferguson, 1996). In Drosophila, genes
essential for patterning have been identified in genetic screens
for maternal and zygotic loci, which when mutated give rise to
defects in the pattern of the larval cuticle (Nusslein-Volhard and
Wieschaus, 1980). Molecular characterization of these loci has
facilitated elucidation of the primary players in signaling axial
patterning as well as the sequence-specific transcription factors
that are differentially activated in response to cell signaling. In
contrast, the transcriptionally regulated targets of these
signaling cascades, which are the presumed executors of
differentiation, have largely evaded detection in traditional
genetic screens. Our limited success in using genetic screens to
identify effectors of patterning can be explained, at least
partially, by studies in model organisms indicating that only
one-third of all genes mutate to a detectable phenotype
(Thatcher et al., 1998). Consistent with this observation are
whole genome sequencing studies that reveal large degrees of
gene duplication, even in model genetic organisms. Indeed,
duplicated genes with redundant function (like scyl and chrb)
likely account for a significant fraction of an organism's “non-
mutable” loci.
Few examples of functionally redundant genes have been
reported in Drosophila. In these rare examples, functional
redundancy has been addressed through pairs of genes in which
one partner was isolated genetically and the other was identified
subsequently by sequence similarity. Examples include en-
grailed and invected (Coleman et al., 1987), knirps and knirps-
like (Gonzalez-Gaitan et al., 1994), buttonhead and D-sp1
(Schock et al., 1999) and disconnected and disco-related
(Mahaffey et al., 2001). As is true for scyl and chrb, these gene
pairs share similarities in sequence and expression profile;
however, in contrast to scyl and chrb, for these genes, the
molecularly identified partner displays only a subset of the
phenotypes exhibited by their genetically isolated counterparts.
Like redundant genes, single-copy effectors of cell fate
specification can also evade identification in genetic screens for
well-characterized anatomical and/or patterning defects. Be-
cause developmental progression is accompanied by widespread
changes in gene activity and cellular protein composition, some
transcriptionally regulated effectors of signaling are expected to
code for proteins responsible for only a fraction of the signaling
readout. Mutations in target molecules such as these might result
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subset of a pattern that as a whole is defined by a single signaling
cascade. In fact, the latter scenario corresponds to the phenotypic
relationship of scyl chrb double mutants to those of dpp and zen,
with the scyl chrb phenotype being far more subtle than that of
either dpp or zen. Thus, like functionally redundant genes,
downstream effector molecules may also escape recognition in
genetic screens and alternative methods are required for their
identification as well (Arbeitman et al., 2002; Kopczynski et al.,
1998; Simin et al., 2002; Stathopoulos et al., 2002; Tomancak et
al., 2002).
scyl and chrb are transcriptionally regulated targets of Dpp/
Zen-mediated signal transduction
Our studies revealed expression of the homologous scyl and
chrb genes to be regulated both temporally and spatially by Dpp
patterning cues. In embryos derived from dl and cact mutant
mothers, the expression of scyl and chrb tracks with the shift in
dorsoventral fates. Consistent with this discovery is the
independent identification of scyl in a microarray screen for
transcripts differentially expressed along the dorsoventral axis
(Stathopoulos et al., 2002).
Transcriptional readout from the Dpp signaling cascade
during dorsal fate determination is governed by the divergent
homeobox transcription factor Zen. Although our studies do not
specifically address whether scyl and chrb are direct transcrip-
tional targets of Zen, three lines of evidence indicate that this is
indeed likely to be the case. First, the time of onset of scyl and
chrb expression is consistent with our prediction that scyl and
chrb are direct targets of Zen regulation. Maternal contributions
of both genes are negligible, and the peak of expression for
each, 2 h AEL, corresponds well with the onset of zen
transcription. Second, dorsal expression of scyl and chrb is lost
in zen mutant embryos. Third, putative Zen-responsive
elements are conserved in the promoters of scyl and chrb in
the related species D. melanogaster and D. pseudoobscura.
Finally, our demonstration that thoracic scyl and chrb
expression expands into abdominal segments in Ubx mutants,
coupled with the observation that Ubx binds to the regulatory
regions of both scyl and chrb (Chauvet et al., 2000), suggests
that scyl and chrb transcription is additionally sensitive to
regulation by the zen-related Ubx homeobox gene that acts in
anteroposterior fate specification.
Scylla and Charybde function redundantly as pro-apoptotic
factors throughout development
Several lines of evidence indicate that Scylla and Charybde
function in the Hid-mediated cell death pathway. First, a
previous phenotypic analysis of scyl chrbmutants revealed their
essential roles in regulating cell death in the developing
Drosophila eye (Reiling and Hafen, 2004). Loss-of-function
studies have similarly revealed a requirement for Hid in
modulating cell death events in early and late stages of
Drosophila eye development (Cordero et al., 2004). Second,
in our study, which relied upon deficiencies and RNAimethodologies to generate scyl chrb null double mutants, we
were able to document an earlier developmental requirement for
the scyl and chrb gene products. We found that scyl chrb double
mutants suffer an embryonic lethality that is associated with
defects in the morphogenetic process of head involution.
Drosophila homozygous for loss-of-function hid alleles simi-
larly suffer an embryonic lethality and exhibit signature defects
in head involution (Abbott and Lengyel, 1991). Third,
molecular characterization of the embryonic lethality in scyl
chrb double mutants revealed that Caspase-3 activation is
disrupted not only in the morphogenetically aberrant head, but
in the CNS as well. In Drosophila, Hid induces apoptosis in
midline glia cells failing to activate the EGFR signaling cascade
(Bergmann et al., 2002). Together, the significant homologies of
scyl and chrb to the mammalian RTP801 gene product that
functions as an apoptotic factor in mammalian cell culture
systems (Shoshani et al., 2002), as well as the scyl chrb
embryonic and eye phenotype studies described here and
elsewhere (Reiling and Hafen, 2004) establish redundant roles
for scyl and chrb in Hid-mediated cell death in both embryonic
and post-embryonic stages of the Drosophila life cycle.
The scyl chrb loss-of-function phenotypes invoke images of
hid-dependent defects and therefore led us to consider possible
mechanisms of Scylla/Charybde protein functions in relation to
Hid. Hid, in addition to its homologues Reaper and Grim, are
principal cell death proteins in Drosophila. rpr, grim, and hid
code for intracellular proteins that activate apoptosis through
their inhibition of Inhibitor of Apoptosis Proteins (IAPS); these,
in turn, block effector caspase activation. Our most parsimo-
nious models envision functional roles for Scylla and Charybde
in fine-tuning Hid function. In this regard, the individual hid,
rpr and grim mRNA expression profiles have led to speculation
that the homologous proteins differ in their abilities to modulate
cell death in vivo. Whereas rpr and grim mRNAs mark
embryonic cells fated to undergo apoptosis (Chen et al., 1996;
White et al., 1994), hid mRNA is expressed in cells that survive
in addition to those that die (Grether et al., 1995). Presumably,
Hid requires an as yet undefined post-transcriptional modifica-
tion or modulating partner for its activation. In accordance with
this view are the findings that Hid activity is negatively
regulated post-transcriptionally by the bantam-encoded micro-
RNA (Brennecke et al., 2003) and post-translationally by Ras-
dependent phosphorylation (Bergmann et al., 1998; Kurada and
White, 1998). With respect to possible roles for Scylla and
Charybde in activating Hid, we have turned to the temporal and
spatial expression profiles of scyl and chrb to point us to
function. On the basis of these data, it is tempting to speculate
that Scylla and Charybde function redundantly to delimit a field
of Hid activity and Hid-dependent cell death. Our findings that
scyl and chrb are necessary, but not sufficient, for cell death are
consistent with this model of function.
Hox genes regulating apoptosis
Each of the three cell death proteins, hid, rpr and grim, has
been implicated in apoptotic events defining segmental
boundaries and/or neuronal fates in the CNS, albeit in different
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Aliaga and Thor, 2004). In the CNS, specificity in neuronal
apoptosis is achieved via differential expression of the BX-C
Hox gene abd-A, which prevents neuronal apoptosis in posterior
segments (Miguel-Aliaga and Thor, 2004). Viewed from this
perspective, our finding that the Zen and BX-C Drosophila Hox
gene products regulate transcription of the scyl and chrb pro-
apoptotic genes (and thereby potentially sculpt head and
segment boundaries during development) is reminiscent of the
Deformed Drosophila Hox protein functioning as a transcrip-
tional activator of the rpr cell death gene (Alonso, 2002;
Lohmann et al., 2002). Together, our studies and those of
Lohmann et al. (2002) strengthen the idea that Hox-gene-
dependent induction of cell death is a general phenomenon in
Drosophila (Huh and Hay, 2002). Emerging evidence suggests
that this is also the case forHox genes in vertebrates (Chen et al.,
2004; Gavalas et al., 1997; Morgan et al., 2004; Stadler et al.,
2001).
Intriguingly, the pro- and anti-apoptotic roles of the Zen and
BX-C Homeobox transcription factors in Drosophila embryo-
genesis correspond to their activation and repression effects on
scyl and chrb gene expression. In this regard, scyl, chrb and cell
death are activated by Zen in dorsal domains of the developing
embryo, whereas ventrally scyl, chrb and cell death are repressed
by one or more of BX-C gene products. Hence, in addition to the
pro-apoptotic role of Zen, there is evidence for an anti-apoptotic
role for the BX-C gene product(s) and in flies as in mouse related
transcription factors function in context-specific fashion.
Cross-regulatory interactions between HIF-1 and TGF-β
pathways
As a final point, both TGF-β and BMPmammalian members
of the TGF-β cytokine superfamily have been documented to
induce cell death in numerous developmental contexts (Baade
Ro et al., 2003; Suzuki et al., 2003; Zou and Niswander, 1996).
Along these same lines, previous reports in Drosophila have
suggested a link between Dpp and cell death but have stopped
short of designating this link as direct (Chang et al., 2003).
Based on our molecular and genetic evidence, we suggest that
the Drosophila pro-apoptotic scyl and chrb gene products serve
as direct links between Dpp/Zen-mediated patterning and
differentiation, in this case, cell death. Thus, in Drosophila as
in vertebrates, cytokines of the TGF-β superfamily control both
cell death and cell proliferation within the contexts of their
cellular environments.
Given the importance of cell death regulation in development
and disease, it is likely that there are several mechanisms by
which cell death can be regulated, and, in like fashion, several
nodes where independent regulatory pathways may in specific
contexts converge. With respect to members of the RTP801
family of apoptotic factors, evidence points to at least two
triggers of regulation: cell death can be a pathologic response to
stresses such as hypoxia (as is the case for mammalian RTP801)
or cell death can be a developmental response to a spatially and
temporally restricted cell signaling pathway, such as the Dpp/
TGF-β cytokine-mediated signaling pathway (as is the case forDrosophila Scylla and Charybde). Within the context of
pathway convergence nodes, it is particularly notable that
several reports document cross-talk between the HIF-1 and
TGF-β pathways in regulating gene expression and cell death
(Akman et al., 2001; Sanchez-Elsner et al., 2001, 2002, 2004;
Zhang et al., 2003), and thus it is possible that the RTP801/
Scylla/Charybde death effectors represent a point of conver-
gence between these two death activating pathways (Fig. 6E).
Consistent with this model is the demonstration that scyl and
chrb are hypoxia-inducible in Drosophila (Reiling and Hafen,
2004). In closing and viewed from this perspective, the
genetically defined roles of Scylla and Charybde as pro-
apoptotic effectors establish a clear basis for future genetic and
biochemical characterization of the mechanism by which
activation of cell death programs might occur via Dpp/TGF-β-
mediated signaling.Acknowledgments
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